Abstract
Introduction

25
Changes in transcriptional circuits over evolutionary time are an important source of 26 organismal novelty. Such circuits are typically composed of one or more transcriptional regulators 27 (sequence-specific DNA-binding proteins) and their direct target genes, which contain cis-28 regulatory sequences recognized by the regulators. Although much early emphasis was placed on 29 changes of cis-regulatory sequences as a source of novelty, it is now clear that coding-changes in 30 the transcriptional regulatory proteins that bind the cis-regulatory sequences are also of key 31 importance [1] [2] [3] [4] [5] . Indeed, some well-documented changes in transcriptional circuitry require 32 concerted changes in both cis-regulatory sequences and the regulators that bind them 6, 7 . Although 33 such concerted changes are likely to be widespread, we know little about how they occur. 34
Here, we study a case in the fungal lineage where gains in cis-regulatory sequences in a set 35 of target genes as well as coding changes in the master transcriptional regulator itself are needed 36 for a new circuit to evolve. Specifically, we addressed which came first, the changes in the 37 regulatory protein or the changes in the cis-regulatory sequences of its 5-10 target genes. We 38 document that the coding-sequence changes in the regulatory protein occurred millions of years 39 before the gains of the cis-regulatory sequences. This observation poses an apparent paradox: how 40 could the protein acquire the needed changes when the new circuit was completed only much later 41 in evolutionary time? We answer this question by revealing a new, unanticipated regulatory 42 scheme present in a small clade of understudied fungal species that readily accounts for this 43 evolutionary trajectory. 44
45
Results
46
The expression of the cell-type specific genes in fungi provides a powerful system to 47 mechanistically study the evolution of gene expression patterns across a period of several hundred 48 million years [8] [9] [10] [11] [12] [13] [14] [15] . The Saccharomycotina clade of fungi, which spans this range of evolutionary 49 time (see Fig. 1 ), have two types of mating cells, a and α, each of which express a set of genes 50 specific to that cell type. Only a cells express a-specific genes and only α cells express α-specific 51 genes. Both a and α cells express an additional set of genes, the haploid-specific genes (Fig. 1a) . 52
The proteins encoded by these sets of genes have been intensively studied and are critical for the 53 sexual cycle (mating and meiosis) of these species (see Supplementary Information for more 54 details). 55
The expression patterns of these three sets of genes are broadly conserved across extant 56 yeasts (as are the genes themselves) and therefore must have been present in the last common 57 ancestor of these species, some hundreds of millions of years ago. However, extant species 58 accomplish the regulation of the cell-type specific genes using different mechanisms (Fig. 1b ) [8] [9] [10] . 59
For example, in one group of species, the a-specific genes are turned on by a transcriptional 60 activator protein (Mata2) that is made only in a cells and which binds a cis-regulatory sequence 61 upstream of the a-specific genes. In another group of species the a-specific genes are turned on by 62 a ubiquitous activator and turned off by binding of a repressor (Matα2) that is made only in α and 63
The fact that the W. anomalus Matα2 protein had acquired the necessary coding changes 124 to interact with Tup1 and Mcm1 but could not bind to the S. cerevisiae a-specific gene control 125 region raised the question of whether it has a role in regulating the a-specific genes in W. anomalus. 126
First, we note that the W. anomalus a-specific genes are indeed cell-type regulated: they are only 127 expressed in a cells (Supplementary Fig. 2 ). In principle, there are three mechanisms that can 128 produce proper expression of these genes: (1) the a-specific genes could be under positive 129 regulation by the transcriptional activator Mata2, as is the situation in C. albicans and other 130 outgroup species. Alternatively, (2) the a-specific genes could be under negative regulation by 131 Matα2 as they are in S. cerevisiae, or (3) the a-specific genes could be under both positive 132 regulation by Mata2 and negative regulation by Matα2 as seen in Lachancea kluyveri and 133 29 . We determined that the first possibility is correct. Specifically, we 134 tested the effects of deleting Matα2 from an α cell and Mata2 from an a cell on cell-type specific 135 gene expression and mating. We found that Mata2 is required for a-specific gene activation and 136
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for a cells to mate, but that Matα2 does not repress the a-specific genes and is not required for α 137 cells to mate (Fig. 2c, d , e, Supplementary Fig. 3 ). The fact that the W. anomalus Matα2 does not 138 regulate the a-specific genes can account for the observation that the homeodomain has acquired 139 mutations that compromise its binding to the S. cerevisiae a-specific genes, as detected in our 140 reporter assays. In addition, we analyzed the W. anomalus a-specific gene cis-regulatory elements 141 bioinformatically and experimentally and found that they possess Mata2-Mcm1, not Matα2-Mcm1 142 binding sites, entirely supporting the genetic experiments ( Supplementary Fig. 4b ). These results 143 argue against the possibility that direct a-specific gene repression by Matα2 existed in an ancestor 144 of W. anomalus but was subsequently lost, as this would have required the independent loss of 145
Matα2 binding sites from all of the a-specific genes across numerous species. 146
The experiments described so far demonstrate that the new circuit-Matα2 repression of 147 the a-specific genes-had partially formed by the time the W. anomalus clade branched but was 148 not completed until after the divergence of the S. cerevisiae clade. The last step in the completion 149 of the circuit was the acquisition of cis-regulatory sequences recognized by Matα2 in the a-specific 150 genes. This step must have occurred long after Matα2 gained the regions that bind Tup1 and 151
Mcm1. We next address how these changes in the Matα2 protein could have predated the 152 completion of the circuit. 153
One hypothesis for how Matα2 acquired the two protein-protein interactions needed to 154 repress the a-specific genes millions of years before these genes acquired the necessary cis-155 regulatory sequences holds that these interactions are needed for Matα2's more ancient function 156 in repressing the haploid-specific genes, but only in the W. anomalus clade. To test this idea, we 157 analyzed the requirements for haploid-specific gene repression in W. anomalus. We deleted 158
MATα2 and MATa1 in a/α cells and found that they are both necessary for haploid-specific gene 159 repression (Fig. 3a, b, Supplementary Fig. 5 ). This is the case for virtually all species in the three 160 clades studied to date. However, unlike species outside the clade, we found using genetic 161 experiments that regions 1 and 3 of W. anomalus Matα2 (the Tup1-interaction region and the 162
Mcm1-interaction region) are necessary for repression of the haploid-specific genes (Fig. 3c) . 163
Finally, we found that a Mcm1 cis-regulatory site is also required for the repression of the haploid-164 specific gene RME1 (Fig. 3d, e, Supplementary Fig. 6 ). Taken together with the results of  165 chromatin immunoprecipitation experiments, we show that Matα2, Mata1, and Mcm1 are all 166 required for haploid-specific gene repression in W. anomalus and that the portions of Matα2 that 167 interact with Mcm1 and Tup1 are also required. This three-part recognition of the haploid-specific 168 genes in the W. anomalus clade was not anticipated from studies of other species. Even in the S. 169 cerevisiae clade where Mcm1 and Matα2 are known to interact, this interaction is not required for 170 haploid-specific gene repression. This analysis explains the initially puzzling observation that the 171 key changes in Matα2 that were needed to form the new a-specific gene circuit were already in 172 place in the last common ancestor of S. cerevisiae and W. anomalus, long before the circuit was 173 completed (Fig. 4) . 174
175
Discussion
176
In this paper we examine the evolutionary trajectory through which a new transcriptional 177 circuit was formed in a group of fungal species that includes S. cerevisiae. The key regulatory 178 protein responsible for this new circuit (the homeodomain protein Matα2) is ancient, and the genes 179 it controls in the new circuit (the a-specific genes) are also ancient. We show that the new, derived 180 circuit-which links Matα2 to the a-specific genes by direct binding interactions-formed in at 181 least two stages, separated by millions of years. In the first stage, Matα2 acquired two short amino 182 acid sequences, each of which recognizes an additional ancient protein (Tup1 and Mcm1). In the 183 second stage, the a-specific genes acquired cis-regulatory sequences recognized by Matα2. The 184 changes in the coding sequence of Matα2 are observed across a broad clade of species, but the cis-185 regulatory changes are seen only in a subset of those species. 186
This scenario raises the question of how the modifications of Matα2 could arise and be 187 maintained long before the circuit was completed by the cis-regulatory changes in the a-specific 188 genes. By analyzing a group of species that branched after the modifications in Matα2 had occurred 189 but before the cis-regulatory changes were in place, we found the modifications of and as a default hypothesis, we propose that this shift occurred neutrally with the energy of binding 209 to the control region of the haploid-specific genes simply being "shared out" differently in the two 210 groups of species. According to this idea, the newly acquired interaction between Matα2 and 211
Mcm1 could have occurred only if it was compatible with Matα2's existing function. In this way, 212 pleiotropy was avoided almost automatically; even before the new a-specific gene circuit was 213 formed, the Matα2-Mcm1 combination (which forms the basis of the new circuit) had been 214 "vetted" for millions of years as being compatible with the ancestral functions of Matα2. 215
(2) Is this evolutionary scenario compatible with the concept of "constructive neutral 216 evolution," the idea that new functions can evolve through evolutionary transitions of 217 approximately equal fitness [30] [31] [32] ? Constructive neutral evolution means that new functions need 218 not be dependent on ever-improving performance; rather, complexity can be initially gained 219 neutrally, providing an array of different "solutions" to a regulatory problem. Before the results 220 presented here, it was difficult to understand how the derived circuit represented by S. cerevisiae 221 (repression of the a-specific genes by Matα2 in α cells) could have evolved because it required 222 changes in both the Matα2 coding region and in the cis-regulatory sequences controlling the 5-10 223 a-specific genes. We previously speculated (incorrectly, as it turned out) that the cis-regulatory 224 changes in the a-specific genes occurred before the coding changes in the Matα2 protein 29 . The 225 present study rules out that hypothesis by showing that the coding-sequence changes must have 226 come first and that they are needed in the extant W. anomalus clade for Matα2 to carry out its 227 deeply conserved, ancestral function. We propose that this change represents an example of 228 constructive neutral evolution, in the sense that the neutral sampling of different ways to repress 229 the haploid-specific genes over evolutionary time led to changes in Matα2 that, millions of years 230 later, through exaptation, formed the basis of the new circuit. Without this exploration of different 231 molecular solutions to repress the haploid-specific genes it is difficult to imagine how the new a-232 specific gene circuit could have formed, as it would require numerous coding changes and cis-233 regulatory changes happening more or less simultaneously. Although we cannot rule out the 234 possibility that the changes in the way that the haploid-specific genes were repressed were 235 somehow adaptive, it seems more likely that they occurred neutrally, an explanation consistent 236 with a wide variety of theoretical work [30] [31] [32] [33] . In any case, there is no obvious adaptive explanation 237 and neutral evolution is an appropriate default hypothesis. 238 (3) Is there a "logic" to the structure of transcription circuits? Over the past ten years we 239 have documented many changes in the regulation of the cell-type specific genes (the a-specific 240 genes, the α-specific genes, and the haploid-specific genes) across a broad fungal lineage spanning 241 nominally 300 million years. We have observed changes in the DNA-binding specificity of 242 regulatory proteins, the making and breaking of combinations of regulatory proteins, gains and 243 losses of cis-regulatory sequences, changes from positive to negative control, changes from direct 244 to indirect regulation, and examples of circuit epistasis. In this paper we show that some clades 245 regulate the haploid-specific genes with a combination of three proteins, while other use only two 246 of the proteins. Throughout all of these changes which have taken place in different lineages, the 247 overall pattern of cell type specific genes expression has largely remained the same: a-specific 248 genes are expressed in a cells, α-specific genes in α cells, haploid-specific genes in a and α cells 249 and all three classes of genes are off in a/α cells. If there is any overriding "design logic" to the 250 different mechanisms of regulating these genes, it is difficult to discern. Rather, the spectrum of 251 observed changes seem to reflect a general principle, clearly illustrated by this case: changes in 252 regulatory proteins and cis-regulatory sequences that do not compromise existing circuits will be 253 favored. The evolutionary trajectories that are subject to this constraint can provide a source of 254 novelty that can account for the widespread variety in the regulatory mechanisms underlying cell-255 type specification in fungi. More broadly, the work presented here illustrates that a given 256 transcription circuit is best understood as one of several possible interchangeable solutions rather 257 than as a finished, optimized design 34 . 258 data from independent replicates grown and prepared in parallel and from an independent 300 deletion of MATα2 are given in Supplementary Fig. 3 . 
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haploid-specific genes all increase in expression when MATα2 is deleted from an a/α cell. 319
The a-and α-specific genes are expressed because the proteins that activate them (Mata2 320 and Matα1) are normally repressed in an a/α cell but are expressed when MATα2 is deleted. 321
Data from one culture of each genotype is plotted here, and data from replicates grown and 322 prepared in parallel are in Supplementary Fig. 5 . Fig. 6 ). 337 specific genes. Thus, a cells express the a-specific and haploid-specific genes (but not the α-355 specific genes), and α cells express the α-specific and haploid specific (but not the a-specific genes) 356 (Fig. 1a) . When an a cell successfully mates with an α cell, an a/α cell is formed. This cell type 357
does not express the a, α, or haploid-specific genes but is competent to undergo meiosis. The 358
proper regulation of these three sets of genes, which is directed by the regulatory proteins coded 359 at the mating type locus, is thus essential not only for proper mating, but also for meiosis, which 360 completes the fungal sexual life cycle. 361
W. anomalus Matα2 has functional Mcm1 and Tup1-interaction regions 362
Given the similarity of the W. anomalus Matα2 protein sequence to that of S. cerevisiae, 363 we hypothesized that the W. anomalus protein represented the derived form of Matα2. To test this 364 hypothesis, we expressed the W. anomalus and, as a control, the S. cerevisiae MATα2 coding 365 sequences in a S. cerevisiae α cell that had the MATα2 gene deleted and contained a PCYC1-GFP 366 reporter with an a-specific gene cis-regulatory sequence taken from the promoter of the S. 367 cerevisiae a-specific gene STE2. As expected, the S. cerevisiae Matα2 represses transcription from 368 this promoter by more than 99 percent. In contrast to our expectations, W. anomalus Matα2 failed 369 to repress the reporter (Fig. 2b) . By constructing a series of chimeric proteins, we mapped the 370 "deficiency" of the W. anomalus Matα2 to its homeodomain, indicating that although the protein 371 is in large part conserved, its homeodomain simply did not recognize the S. cerevisiae a-specific 372 gene cis-regulatory sequence (Fig. 2b) . To test this idea, we swapped the S. cerevisiae 373 homeodomain into W. anomalus Matα2 and we found that it could now carry out repression of the 374 reporter construct, although not as well as the bona fide S. cerevisiae protein ( Supplementary Fig.  375 1d). W. ciferrii and C. jadinii Matα2 regions 1 and 2 also resemble the S. cerevisiae sequence, and 376 their full-length sequences and the C. jadinii homeodomain also do not support a-specific gene 377 repression ( Supplementary Fig. 1d ) 378
W. anomalus a-specific genes are not directly regulated by Matα2 379
To determine whether the W. anomalus a-specific genes are repressed by Matα2, activated 380
Mata2, or both repressed by Matα2 and activated by Mata2, we deleted MATα2 from an α cell and 381 assayed gene expression changes genome wide by mRNA-seq. None of the a-specific genes 382 increased in expression (Fig. 2d, Supplementary Fig. 3 ), indicating that the W. anomalus Matα2 383 does not directly repress the a-specific genes. We further tested this conclusion using a more 384 classical approach. In S. cerevisiae, MATα2 is necessary for proper mating of α cells; its deletion 385 causes ectopic expression of the a-specific genes thereby preventing efficient mating. In W. 386 anomalus a wildtype α cell and two independently derived deletions of MATα2 from α cells all 387 mated with similar efficiency, indicating, unlike in S. cerevisiae, that MATα2 is not required for α 388 cell mating (Fig. 2c) . These experiments provide additional support for the conclusion that the W. 389 anomalus Matα2 does not regulate the a-specific genes in W. anomalus. 390 W. anomalus a-specific genes are activated by Mata2, the ancestral mode of gene expression 391
The fact that W. anomalus Matα2 does not directly repress the a-specific genes suggests 392 that, by default, the transcriptional activator Mata2 must positively regulate the a-specific genes 393 in W. anomalus. To test this hypothesis, we deleted MATa2 in an a cell and measured the 394 expression levels of the a-specific genes with the NanoString nCounter system, a method for 395 directly counting individual transcripts of choice in an RNA sample 36 . Each of the a-specific genes 396
was significantly under-expressed in the MATa2 deletion strain with respect to a wildtype a cell 397 (Fig. 2e) . We also tested the consequences of MATa2 deletion on a-specific mating in a 398 quantitative mating assay and found that an a cell with MATa2 deleted fails to mate at any 399 detectable level in our assay (Fig. 2c) . Thus, W. anomalus a-specific genes are directly regulated 400 by Mata2-activation alone, and Matα2 repression is not involved. Consistent with this conclusion 401 are bioinformatic and experimental analyses of the a-specific genes in W. anomalus, C. jadinii and 402 Supplementary Fig. 4a, b) . As discussed above, this scheme of regulating the a-404 specific genes is also observed in C. albicans and other outgroup species and, by inference, is 405 likely to represent the situation in the last common ancestor of the three clades. 406
W. ciferrii, which identifies cis-regulatory
sequences that are similar to those controlled by Mata2 403 in other species (
W. anomalus Matα2 retains the deep ancestral function of repressing the haploid-specific 407 genes with Mata1 408
Matα2's more ancient function is repression of the haploid-specific genes with Mata1. To 409 test whether this ancestral role is retained in W. anomalus, we separately deleted either MATα2 or 410
MATa1 in an a/α cell background and measured gene expression changes by mRNA-seq. In both 411 deletion strains the haploid-specific genes are significantly de-repressed compared to a wildtype 412 a/α cell (Fig. 3a, b, Supplementary Fig. 5 ). We note that deletion of either MATa1 or MATα2 also 413 de-represses the MATa2 and MATα1 genes, and the a and α specific genes are also improperly 414 expressed in the deletion strains. This result also explains how the a and α-specific genes are kept 415 off in the a/α cells. From these results, we conclude that W. anomalus retains the deep ancestral 416 function of Matα2, to repress the haploid-specific genes in combination with Mata1. 417
Mcm1 is necessary for haploid-specific gene repression in W. anomalus 418
We introduced a series of MATα2 constructs into an a cell and measured changes in 419 haploid-specific gene expression using the NanoString nCounter system. As expected, addition of 420 a wildtype allele of MATα2 resulted in transcriptional repression of the haploid-specific genes 421 relative to their expression levels in an a cell (Fig. 2c) . RME1, a deeply conserved haploid-specific 422 gene, was especially tightly repressed, to a level less than one percent of that in a cells. interpret. Instead, we turned to the regulatory region of the RME1 gene, the most tightly regulated 437 haploid-specific gene, and found two high-scoring matches to the Mcm1 recognition sequence (a 438 cis-regulatory sequence that is virtually invariant across these species) (Fig. 3d, Supplementary  439   Fig. 6 ) 15 . We confirmed that both Mata1 and Matα2 bind at the RME1 locus by chromatin-440 immunoprecipitation followed by qPCR (Supplementary Fig. 6b ). To test whether Mcm1 is also 441 required for RME1 repression in an a/α cell we constructed a reporter driven by the DNA upstream 442 of the RME1 gene, showed that it was repressed in a/α cells, and tested the effect of deleting the 443
Mcm1 recognition sequences. This experiment has the advantage of maintaining proper regulation 444 of all the normal haploid specific genes, including the endogenous copies of RME1. 445 Deletion of the proximal, but not the distal Mcm1 recognition sequence did away with 446 repression of the RME1 reporter in a/α cells (Fig. 3e, Supplementary Fig. 6c ). Based on motif 447 searching, we also identified several potential Mata1-Matα2 binding sequences in the RME1 448 control region (Supplementary Fig. 6a ). While the two best matches to the Mata1-Matα2 binding 449 site were not required for RME1 repression, deletion of a possible Matα2 site that abuts the critical 450
Mcm1 site also de-represses RME1 in an a/α cell ( Supplementary Fig. 6d ). Supplementary Figure 1 
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Matα2 Region 4 (Homeodomain) shown in pink, Nat expression is shown in opaque black, the a-specific genes STE2, AXL1, 503 ASG7, BAR1, STE6, and MATa2 are shown in green, and all other mRNAs are shown in 504 translucent black. The wildtype α cell data is the same as in Supplementary Fig. 3a . 505 c. Expression levels of genes of particular interest from mRNA-seq experiments plotted 506 above, in transcripts per million (tpm). Shown are a-specific genes (STE2, AXL1, ASG7, 507 BAR1, and STE6), mating-type transcriptional regulators (MATa2, MATα2, and MATα1), 508 the drug-resistance marker used to delete MATα2 (Nat), and the transcript 509 "fgenesh1_pg.2_#_554," which, besides MATα2, and MATα1 and Nat, is the only 510 significantly differentially regulated transcript shared between both isolates of MATα2 511 matα2-D vs. MATα2 (at a false discovery rate q<0.05, calculated using the RNA-seq 512 analysis software sleuth). 
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Supplementary Figure 1. W. anomalus clade Matα2 orthologs contain functional Tup1 and 456
Mcm1-interaction regions, but cannot repress
Materials and Methods
598
Growth conditions and media 599
All strains were grown on yeast extract peptone dextrose media (YEPD) at 30°C unless 600 otherwise noted. 601
Identification of the Phaffomycetaceae as candidate species 602
The Phaffomycetaceae form a monophyletic group that branches outside of the last 603 common ancestor of the Saccharomycetaceae (the group that contains the Saccharomyces and 604
Kluyveromyces species, also known as the "S. cerevisiae clade"), as well as the 605 respectively. The C. fabianii genome sequenced strain, NRRL Y-1871, is an α cell, so we were 632 able to directly determine the sequence of MATα from the existing sequenced genome. The 633 sequenced C. jadinii isolate is homothallic and tetraploid, and the genome therefore encodes both 634
MATa and MATα. All four Phaffomycetaceae MATα2 genes contain introns, so for each gene we 635 sequenced the cDNA transcript in order to determine its exonic coding sequence. 636
Identification of cell-type specific genes 637
Phaffomycetaceae haploid, a, and α-specific genes were identified by best reciprocal 638 TBLASTN to other Saccharomycotina cell-type specific genes, and with the Yeast Genome 639
Analysis Pipeline (YGAP) 44, 45 . In W. anomalus the expression patterns of the cell-type specific 640 genes were confirmed by measuring transcript abundance using the NanoString nCounter sytem 641 (method described below) ( Supplementary Fig. 2) . In order to generate a more genetically tractable α cell, we sporulated yCSB 8 by growing it on a 655 sterilized carrot slice at room temperature for at least five days 18 . Carrots were peeled, cut into 656 cylindrical wedges, then placed in glass tubes with 1 ml water and autoclaved at 115°C for 15 657 minutes. 500 µl of cells from liquid culture were collected, washed in water, then resuspended in 658 200 µl water, layered on top of a sterilized carrot wedge in a six well plate, and placed at room 659 temperature. Spores were visible after five days, and sporulation can be started either from 660 saturated overnight cultures, or mid-log cultures. Spores were then resuspended in 100 µl of 1 661 mg/ml zymolyase for 11 minutes at 37°C degrees, then dissected. A resulting α cell that proved to 662 be genetically tractable (yCSB 342) was the parent strain for generating the α cell MATα2 663 deletions. In addition, the dissected spores included a and α cells with arginine auxotrophies that 664 were used as tester strains in quantitative mating assays (described below). 665 W. anomalus genes were deleted using a nourseothricin-resistance marker and a freeze-666 thaw transformation protocol optimized for use in W. ciferrii by Schorsch et al. 46 . To construct 667 deletion cassettes, we cloned homology arms into pCS.ΔLig4, a plasmid generated by Schorsch et 668 al. 46 . pCS.ΔLig4 contains nat, the nourseothricin-resistance gene, codon-optimized for expression 669 in W. ciferrii, and under control of W. ciferrii PPDA1 and TTEF1. It also contains a region of the W. SalI restriction sites, creating pCSB 147. This plasmid was subsequently modified to produce the 684 different alleles of MATα2 tested in Supplementary Fig. 6 by digesting at either the PstI/XbaI 685 restriction sites or the StyI/BsrGI restriction sites within the MATα2 coding sequence and ligating 686 in gBlock gene fragments (Integrated DNA Technologies) with specific mutations. These 687 constructs were then linearized by PvuI digestion, transformed into yCSB 5, and allowed to 688 randomly integrate into the genome. At least two independent integrants of each allele was assayed 689 in any experiment involving a randomly integrated construct in W. anomalus in order to control 690 for variability due to integration at different loci. 691 pCSB 147 was modified for chromatin immunoprecipitation of Matα2 by using a gBlock 692 to introduce a 3x HA tag at the N-terminus of MATα2 at the PstI/XbaI restriction sites. Similarly, 693 sites. pNH 604 were linearized by PmeI digestion, transformed into the MATα matα2-D strain, and 725 selected for on SD-trp plates. 726
The PCYC1-GFP reporter was designed to integrate in single copy at the ura3 locus using 727 the hph hygromycin resistance marker. It was adapted from the GFP reporter pTS 61 and the beta-728 galactosidase reporter pLG699z 11, 49 . PCYC1 was inserted upstream of GFP, with the addition of a 729
KpnI restriction site, allowing cis-regulatory elements to be inserted between the XhoI and KpnI 730 sites in PCYC1, between the upstream activating sequence and transcription start site of the promoter. 731
The hph marker is up stream of PCYC1-GFP, and the two together are flanked by homology to 732 URA3. Overlapping oligos with the a-specific gene cis-regulatory elements and phosphorylated 733 sticky ends were designed, annealed, and ligated into the XhoI/KpnI sites. 734
Design of MATα2 mutant alleles 735
To construct chimeric alleles of MATα2, we defined the five regions of the Matα2 protein 736 based on the S. cerevisiae sequence as previously described (region 1: amino acid 1-21, region 2: Cells were pelleted by centrifugation at 3000 rpm for 10 minutes, then flash frozen in liquid 744 nitrogen and stored at -80°C. RNA was extracted, purified, and DNase-treated using an Ambion 745 RiboPure RNA Purification kit for yeast. Quality of total RNA was evaluated on an Agilent 746 Bioanalyzer using an Agilent RNA 6000 Pico Kit. Two rounds of polyA selection were performed 747 using the Qiagen Oligotex mRNA Mini Kit, and mRNA quality was evaluated on an Agilent 748
Bioanalyzer using an Agilent RNA 6000 Pico Kit. mRNA samples were then concentrated using 749 a Zymo RNA Clean and Concentrator Kit. cDNA synthesis and library preparation were performed 750 using a NEBNext Directional RNA-seq kit. Libraries were sequenced using single end 50 basepair 751 reads on the Illumina HiSeq 4000 sequencing system in the UCSF Center for Advanced 752
Technologies. Reads were pseudoaligned to all W. anomalus coding sequences using kallisto, and 753 differential expression analyses were performed using sleuth 50, 51 . Coding sequences were 754 downloaded from the Joint Genome Institute annotation of genes for Wickerhamomyces anomalus 755 NRRL Y-366-8 v1.0 17 . For differential expression analyses, we focused on the expression patterns 756
